In this study, we examined whether inhalation of hypertonic saline aerosols increases vascular permeability in the rat trachea, and we examined the role of neurogenic inflammation in this response. Stereological point counting was performed to measure the percent area occupied by Monastral blue-labeled blood vessels as a means of quantifying the increase in vascular permeability in tracheal whole mounts. Hypertonic saline aerosols (3.6-14.4% NaCl) increased vascular permeability in a dose-dependent fashion compared with 0.9% NaCl. Thus, the area density of Monastral blue-labeled vessels after inhalation of 3.6% NaCl was greater (21.2±3.5% mean±SEM, n = 5) than after 0.9% NaCl aerosol (3.3±0.9%, n = 5, P < 0.5). The neutral endopeptidase inhibitor phosphoramidon (2.5 mg/kg, i.v.) significantly potentiated the increase of vascular permeability caused by 3.6% NaCl. Desensitization of sensory nerve endings by pretreatment with capsaicin markedly reduced the usual increase in vascular permeability caused by 3.6% NaCI, but the increase in vascular permeability induced by aerosolized substance P (10-4 M) was unchanged. These findings suggest that hypertonic saline increases vascular permeability in the rat trachea by stimulating the release of neuropeptides from sensory nerves. (J. Clin.
Introduction
Mechanical and chemical irritation of the airways, and electrical stimulation of the vagus nerves cause the release of neuropeptides from sensory nerves in the airway mucosa. These neuropeptides cause neutrophil adhesion (1), increase vascular permeability (2) , and cause smooth muscle contraction (3), gland secretion (4), and cough (5) . This constellation of effects is termed "neurogenic inflammation."
Hypertonic saline causes neurogenic inflammation in the eye (6) . Aerosols of hypertonic saline provoke cough (7), providing evidence that these aerosols stimulate sensory nerves. Therefore, we decided to examine whether inhaled hypertonic aerosols could increase vascular permeability in the rat tra-cheal mucosa and whether the release of sensory neuropeptides is involved in this response.
Neutral endopeptidase (NEP)l is a membrane-bound enzyme which exists in airway cells that contain receptors for the neuropeptides released from the sensory nerves (8) . NEP, by cleaving the neuropeptides, inactivates them and limits their actions (8) . Furthermore, inhibitors of NEP (e.g., phosphoramidon), potentiate all of the airway effects of neurogenic inflammation (8) . Therefore, we also examined whether the increased vascular permeability induced by inhalation of hypertonic saline aerosols is potentiated by the NEP inhibitor, phosphoramidon. We found that hypertonic saline aerosols (3.6-14.4% NaCl) increased vascular permeability in a dosedependent fashion. This effect was prevented by desensitization of the sensory nerves by pretreatment with capsaicin and was potentiated by phosphoramidon.
Methods
We used 37 pathogen-free male rats of the F344 strain that weighed 240±2 g (mean±SEM) and that were obtained from Charles River Breeding Laboratories, Wilmington, MA. The animals were anesthetized (sodium methohexital, 72 mg/kg, i.p.). The larynx and upper trachea were exposed, the trachea just below the larynx was incised and an intubation tube was inserted 1 mm into the trachea. The animals were then ventilated artificially (frequency of65 breaths/min, and tidal volume of 3 ml), using a constant-volume ventilator (model 680, Harvard Apparatus Co., Inc., Millis, MA). Aerosols were generated by an ultrasonic nebulizer (Pulmo-Sonic model 25, DeVibiss Co., Somerset, PA) at 0.2 ml/min and delivered via the tracheal tube for 2 min during ventilation with the respirator.
We used Monastral blue pigment to identify abnormally permeable venules. The particles of Monastral blue are too large to cross the endothelium oftracheal blood vessels with normal permeability. However, when the blood vessels become abnormally permeable, the pigment passes through gaps in the endothelium, and is trapped by the basal lamina, where it remains and thus labels the sites ofextravasation (1, 9) . A 3% suspension of Monastral blue (range of particle size, 50-300 nm) (1) in 0.85% NaCl (Sigma Chemical Co., St. Louis, MO) was sonicated in an ultrasonic cleaner for 5 min, passed through a filter (pore size 5 usm, Millipore Corp., Bedford, MA), and injected into a femoral vein (30 mg/kg) at the beginning of the aerosol challenge. 5 min after the injection of Monastral blue, vascular perfusion with a fixative (1% paraformaldehyde and 0.85% NaCI in 50 mM phosphate buffer, pH, 7.4) was performed for 2 min with a vascular pressure of 120 mm Hg via a cannula inserted through the left ventricle into the ascending aorta. Then the tracheas were removed, opened longitudinally along the ventral midline, and transferred to fresh fixative for 3 h at 4°C. The tracheas were then flattened and prepared as whole mounts (1) .
The number of abnormally permeable blood vessels in the tracheal whole mounts was estimated by using stereological point counting to determine the area density of the blood vessels labeled with Monastral 1. Abbreviations used in this paper: NEP, neutral endopeptidase.
blue. Point counts were made of 20 regions located in the 6th through 25th intercartilaginous spaces on the right side of each whole mount. The counts were made by superimposing a computer-generated multipurpose test grid (line length = 25 mm [10] ) on a televised image ofthe specimens magnified X460 with a stereomicroscope (Carl Zeiss, Inc., Wetzlar, Federal Republic of Germany). The area of each of the 20 regions measured was approximately 200,000 ,rm2.
First, we studied the effect of increasing concentrations of inhaled NaCI aerosols (0.9%, 3.6%, 7.2%, and 14.4%; n = 5 for each concentration) on vascular permeability.
We studied the effect of the selective NEP inhibitor, phosphoramidon, on the increase in vascular permeability caused by 3.6% NaCl aerosol in five rats. Phosphoramidon (2.5 mg/kg, i.v.; Peninsula Laboratories, Inc., Belmont, CA) dissolved in 0.9% NaCl was injected over a 10-s period 5 min before the inhalation of 3.6% NaCI aerosols.
Next, we studied the effect of desensitization of the sensory nerves by a high dose of capsaicin. These rats received subcutaneous injections ofgradually increasing doses ofcapsaicin (4, 8, and 15 mg) over a period of 24 h, according to a method described previously (6) . The injections of capsaicin were given, using a 1% solution of capsaicin dissolved in 10% ethanol and 10% Tween 80 in 0.9% NaCl, while the animals were anesthetized. 5 d after the last dose of capsaicin, airway challenge with 3.6% NaCI aerosol was performed in four rats.
Because capsaicin pretreatment could also have effects on the venules themselves, we also examined the effect of capsaicin pretreatment on the increase in vascular permeability produced by substance P aerosols. Specifically, we determined the effect ofsubstance P (I0-M; Peninsula Laboratories, Inc.), dissolved in 0.01 N acetic acid in 0.9% NaCl, and aerosolized for 2 min, on vascular permeability using Monastral blue. We chose this concentration ofsubstance P aerosol because it caused large enough increases in vascular permeability to examine the possibility that capsaicin might cause tachyphylaxis of the responses ofthe blood vessels themselves. Before inhalation ofsubstance P. four rats received increasing doses of capsaicin. Four additional control rats received only the vehicle of capsaicin subcutaneously during the same schedule of injections.
The area occupied by Monastral blue-labeled venules was expressed as the percentage of the total area of tracheal mucosa measured. Average values are expressed as the mean±SEM (standard error of the mean). The significance of differences was assessed by one-way analysis of variance or Student's t test. The difference between groups was considered significant when P < 0.05.
Results
Inhalation ofaerosolized hypertonic saline for 2 min increased the area occupied by Monastral blue-labeled postcapillary venules in the tracheas of pathogen-free rats. The increase in vascular permeability occurred in a concentration-dependent fashion (Fig. 1) . Because 3.6% NaCl aerosols caused significantly greater Monastral blue labeling of the venules than did 0.9% NaCl aerosols, we used 3.6% NaCl in all subsequent studies.
Pretreatment with the NEP inhibitor phosphoramidon (2.5 mg/kg, i.v.) potentiated significantly the increase in vascular permeability caused by 3.6% NaCl aerosols (P < 0.001; n = 5; Fig. 2 , left vs. middle column). When rats were pretreated subcutaneously with increasing concentrations of capsaicin, the effect of inhaled aerosols of 3.6% NaCl was inhibited (P < 0.001 compared to the effect of 3.6% NaCl alone; n = 5; Fig.  2 , right vs. middle column).
Inhalation of substance P aerosols (l0-' M for 2 min) increased vascular permeability (n = 4; Fig. 3, left column) . However, in contrast to that produced by hypertonic saline, the increase in vascular permeability caused by substance P Figure 1 . Histogram comparing the effects of inhalation of various concentrations of aerosolized NaCl on vascular permeability in tracheal whole mounts in pathogen-free rats (mean+SEM; n = 5 per group). Vascular permeability was evaluated by measuring the area density of Monastral blue-labeled blood vessels by stereological point counting. Hypertonic NaCl increased vascular permeability in a concentration-dependent fashion. All concentrations of hypertonic saline produced significantly more extravasation than did 0.9% NaCl (*p < 0.05).
was unaffected by capsaicin pretreatment (P > 0.05; n = 4 for each group; Fig. 3 Figure 3 . Histogram comparing the effects of inhalation of aerosols of substance P (10-' M) for 2 min on vascular permeability in the tracheas of pathogen-free rats (mean±SEM; n = 4 in each group). Vascular permeability was evaluated by measuring the area density of Monastral blue-labeled vessels by stereologic point counting. In animals pretreated with only the vehicle for capsaicin, inhalation of aerosols of substance P increased vascular permeability (left column). Pretreatment with increasing concentrations of capsaicin to desensitize the sensory nerves had no significant effect on substance P-induced increases in vascular permeability (P > 0.05; right column).
hypertonic saline aerosols cause very potent responses. These responses were dose dependent and showed no maximum at the doses studied. Significant effects occurred in concentrations at or below those used to trigger bronchospasm (12) or cough (7) in humans.
To investigate the possible role of neuropeptides released from sensory nerves (so-called "neurogenic inflammation") in hypertonic saline-induced increases in vascular permeability, we took two approaches. The first approach involved the fact that the effects ofreleased neuropeptides are modulated by the enzyme NEP (8) . This membrane-bound enzyme is located in airway cells (13) (14) (15) (16) . By cleaving and thus inactivating neuropeptides (e.g., substance P) released from sensory nerves, NEP limits the effects of neurogenic inflammation. Thus, the increased vascular permeability in the trachea produced by exogenously delivered substance P and by neuropeptides released endogenously from the sensory nerves is potentiated by the NEP inhibitor phosphoramidon (17). Similarly, we reasoned that if hypertonic saline increased vascular permeability by neural release ofpeptides, then the effect should be potentiated by inhibiting the normal activity of NEP. In our present studies, the fact that pretreatment with the selective NEP inhibitor phosphoramidon potentiated the increase in vascular permeability induced by hypertonic saline suggests that small peptides are involved in the response, rather than mediators such as histamine, serotonin, prostaglandins, or leukotrienes, which are not cleaved by NEP. Our second approach involved the chemical desensitization ofthe sensory nerves. Jancso (6) have shown that capsaicin pretreatment causes desensitization of the sensory nerves to subsequent mechanical and chemical stimulation (6) . In our present studies, pretreatment with capsaicin completely inhibited the usual increase in vascular permeability induced by hypertonic saline. The fact that responses to substance P were unaffected by capsaicin pretreatment indicates that the ability of the vessels to respond to neuropeptides remained intact.
Together, our results implicate strongly neurogenic inflammation in the response to hypertonic saline. When the sensory nerves to the airways are stimulated to release neuropeptides, increased vascular permeability ensues (2) . Although the present studies indicate that hypertonic saline increases vascular permeability in the airways, it is not known Whether the effect is due to the increased osmolarity or due to an alteration in the concentration of a specific ion. Furthermore, the exact series of events between the time of deposition of the aerosol particles on the airway surface and the neurogenic responses remains unknown.
Previous studies have shown that pharmacologic inhibition ofNEP activity with phosphoramidon potentiates the increase in vascular permeability that occurs with chemical (and electrical) stimulation of vagal sensory axons (17). Similarly, our present results show that phosphoramidon exaggerates the increased vascular permeability induced by hypertonic saline aerosols. Furthermore, it has been shown in rats that, by decreasing NEP activity, Sendai virus ( 11) and other respiratory tract infections (18) potentiate the increase in vascular permeability associated with delivery of exogenous tachykinins and with the release ofendogenous neuropeptides. Inhalation ofair pollutants (19) and cigarette smoke (20) also decreases NEP activity and causes exaggerated airway responses to neuropeptides (e.g., substance P). In the context of the present results, these previous findings suggest that when NEP activity is decreased by exogenous stimuli (e.g., pollutants, viral infections, cigarette smoke) or by a disease process, exaggerated airway responses to hyperpnea and to hypertonic saline aerosols may occur.
We speculate that many stimuli (e.g., chemicals, dusts, hyperpnea) may stimulate neurogenic inflammatory responses. In the presence ofnormal NEP activity, the neuropeptides that are released are cleaved and inactivated, so the concentration of the peptides that reach the receptors on target cells is low, and the responses are mild and clinically nondetectable. However, when NEP activity is decreased, these responses become exaggerated and may contribute to the pathogenesis ofdiseases such as asthma.
